The relative proportions of phosphatidylethanolamine increased significantly following cold exposure, whereas the quantities of sphingomyelin and cardiolipin declined. For all phosphatides examined (phosphatidylethanolamine, phosphatidylcholine, phosphatidylserine, phosphatidylinositol, lysolecithin, cardiolipin, sphingomyelin) cold acclimation resulted in I> an increase in the quantity of polyunsaturated fatty acids, 2) a reduction in the level of saturated fatty acids, and 3) little change in the total content of monoenes and dienes. The increased content of polyunsaturated fatty acids in choline and ethanolamine phosphatides following cold acclimation was confined to the 2-position and occurred at the expen,w of monoenes and dienes. The relative proportions of n -3 fatty acids, and less frequently n -6 fatty acids, increased in phosphatides of cold-acclimated trout, whereas the relative proportions of n. -9 fatty acids declined. These data suggest a preferential incorporation of fatty acids belonging to the linolenic acid family at reduced temperatures. Temperature-induced changes in the chemical composition of trout liver phospholipids counteracted the effects of acute temperature change on nonelectrolyte permeability of isolated lipesomes. phosphatide composition; liposomes; positional distribution of fatty acids THE CHANGES in environmental temperature routinely experienced by many aquatic poikilotherms are sticiently large to perturb biochemical structures, such as cell membranes, which are stabilized by weak bonding forces. Reductions in ambient temperature have been shown to promote lipid cluster formation (18), phase separation of membrane lipids into coexisting fluid and crystalline domains (34), and ultimately crystallization of the entire lipid domain. Diminished membrane fluidity at temperatures below the melting point of membrane lipids severely retards the rate of many membrane-associated processes, including carbohydrate transport (29), rates of mitochondrial oxidation and ATP production (19), the catalytic activity of membrane-bound enzymes (33)) the nuclear-to-cytoplasmic transport of RNA (23), and nonelectrolyte permeability (2) . Conversely, increased membrane fluidity at elevated temperatures has been implicated in the dissipation of ion gradients, increased neural excitability, and ultimately heat death (8). Thus it is clear that temperature-induced perturbations in membrane structure pose series problems for poikilothermic organisms.
A wide variety of poikilothermic organisms respond to changes in environmental temperature by altering the composition of their membrane lipids in a manner that tends to compensate, over the long term (i.e., following a period of acclimation), for the acute effects of a temperature change on membrane structure and function. Indeed, membrane lipids are the only structural components of cells known to participate in the temperature acclimation process. The most obvious influence of environmental temperature on membrane lipid composition is reflected in an inverse correlation between ambient temperature and the content of unsaturated fatty acids, and has been reported for a wide variety of poikilotherms (10). In addition, many microorganisms accumulate shorter chain fatty acids KC,,) at reduced environmental temperatures (16).
In spite of the widespread occurrence and the importance of membrane restructuring to the survival of poikilothermic organisms, it is currently unclear to what extent this restructuring is a general phenomenon or phosphatide specific, and to what extent changes in the internal distribution of fatty acids between the alpha and beta positions of an individual phospholipid are involved in this restructuring process. For these reasons, a detailed structural analysis of membrane lipids from trout liver was undertaken. was passed through a column of Sepharose 4B prior to use, and spectrophotometrically checked for oxidation (17). Liposome swelling rates were determined optically (12) S&tics.
Student's t test was employed to test for significant differences between means of replicate data.
Materiak. All organic solvents employed in lipid extraction and chromatography were of analytical grade, washed free of contaminants if necessary (18, and freshly redistilled. Fatty acid methyl ester standards, silica gel-H and -G, EGSS-X on Gas Chrom P, and boron trifluoride-methanol reagent were obtained from Applied Science Laboratories. Butylated hydroxytoluene, cholesterol, DEAE-cellulose, Sepharose 4B, cardiolipin, phosphatidic acid, phosphatidylglycerol, phosphatidylinositol (PI), and silicic acid were from Sigma Chemical Company. Phosphatidylcholine, serine, and ethanolamine were from General Biochemicals. Phospholipase A, from Crotalus terr. terr. was obtained from Calbiochem. All other chemicals were of analytical reagent grade. All aqueous solutions were prepared in deionized and glass-distilled water. Trout food was obtained from Glencoe Mills, Minneapolis, MN.
RESULTS
Lipid class composition of trout liver lipids. As illustrated in Table 2 , cold-acclimated trout possessed significantly more liver tissue per unit of body weight, and significantly less neutral lipid per gram of liver than warm-acclimated individuals. In contrast, the quantities of phospholipid, glycolipid, and cholesterol per gram of liver did not vary significantly between acclimation groups; consequently, the relative proportions of phospholipid, neutral lipid, and glycolipid were 44%, 50%, and 6%, respectively, for warm-acclimated trout and 54%, 41%, and 5% for cold-acclimated trout, the differences being due solely to changes in the quantity of neutral lipid. The molar ratio of phospholipid to cholesterol was somewhat lower in warm-acclimated trout, but did not vary significantly between acclimation groups. Phospholipid composition. The relative phospholipid composition of liver tissue from warm-and cold-acclimated trout is compared in Table 3 . Cold acclimation resulted in increased proportions of PE, and reductions in the levels of SM, CL, and an unidentified spot that comprised l-3% of the total phospholipid phosphorus. The unidentified lipid spot ran between PE and CL in a solvent system of chloroform:methanol:acetic acid:water (25:15:4:2), but did not cochromatograph with either phosphatidic acid or phosphatidylglycerol in a variety of solvent systems. Rechromatography of this spot in several different solvent systems revealed trace quantities of PE and CL, and a major spot that developed a blue color when sprayed with a-naphthol reagent, indicating the presence of glycolipid (15). The phosphate detected in this spot was therefore assumed to arise from contamination by either CL or PE, rather than from the presence of a unique phospholipid. Two-dimensional thin-layer chromatography of the total phospholipid extract failed to reveal detectable quantities of any phosphatides other than those reported in Table 3 .
Phosphatide fatty acid composition. The fatty acid composition of the total phospholipid extract and of the individual, purified phosphoglycerides is reported in Table 4 . Fatty acid compositions were determined from pooled liver tissue samples of six trout belonging to each acclimation group. The distribution of certain fatty acids was observed to be phosphatide specific and independent of acclimation temperature. Shorter chain fatty acids (<C,,) were most abundant in SM, CL, and LPC, but, with the exception of 14:0, were present in only trace quantities in the major membrane phospholipids. Both inositol and serine phosphoglycerides possessed large quantities of stearate (18:0), 20:303 and 20:4w6, whereas SM was characterized by large quantities of 20:5w3 and 22:4~6. In addition, both CL and SM possessed above average amounts of palmitoleic acid (16:1~7). Fin 11 a y, although choline and ethanolamine response to cold acclimation in PC, PS, PI, and CL, and decreasing in PE, SM, and LPC. The ratio of rz -3 fatty acids (weight percent) to n -6 fatty acids (weight percent) increased following cold exposure in most phosphatides (with the exception of PS and PI), whereas the ratio [(n -3) + (n -6)]/( n -9) increased in all phospholipid fractions. The ratio of unsaturated to saturated fatty acids also increased at reduced ambient temperatures for all phosphoglycerides with the exception of LPC. This effect was most pronounced in PC, PE, PS, and CL; the ratio of unsaturates to saturates increased from 3.51 to 5.13 in the case of PE, from 1.98 to 3.13 in the case of PC, from 1.34 to 1.71 in the case of PS, and from 1.14 to 2.24 in the case of CL. PE was the most highly unsaturated trout liver phosphatide, followed by PC, and then the other phosphatides which did not vary significantly from one another in degree of unsaturation.
Positional fatty acid analysis of ethanolamine and choline phosphatides. The distribution of fatty acids with respect to esterification to either the I-or Zposition of the parent phospholipid molecule as determined by phospholipase A, cleavage is reported in Table  5 , and the results summarized according to fatty acid class in Fig. 3 . Both choline and ethanolamine phosphatides displayed a clear preference (>95%) for unsaturated fatty acids in the 2-position regardless of the acclimation temperature.
The distinction between the fatty acid composition of the 1-and 2-position is particularly well delineated in PE. Virtually all of the polyunsaturated fatty acids (20:3~3, 20:4w6, 205~3, and 22: 603) and 24:109 were e&riced at the 2-position, whereas virtually all of the saturates and monoenes (14: 0, 16:0, 16:lw7, 1810, 18:lo9, and 2O:lw9), and the majority of the dienes were esterified at the l-position. The A comparison of the fatty acid composition of phosphatides from warm-and cold-acclimated trout, grouped according to fatty acid class, is illustrated in Fig. 1 . All phospholipids with the exception of LPC experienced an increase in the size of the polyunsaturated fatty acid fraction following cold exposure. This increase was referrable to elevated quantities of 205~3 (in PC, PE, PS, PI, SM, and CL), 20:3w3 (in PC, PS, and CL), 20:4~6 (in PC, PS, PI, PE, SM, and CL), 20:4w3 (in PC, PE, PS, CL, and LPC), and 22:6w3 (in PC and CL). In contrast, all phospholipids, with the exception of LPC, experienced a significant reduction in the level of saturated fatty acids during cold acclimation, most frequently due to a reduction in the content of palmitic acid (16:O). Although the chemical composition of both the monoene and diene fractions was markedly influenced by acclimation temperature, the total content of neither fraction was dramatically or consistently influenced by thermal acclimation (e.g., reductions in 16:lw7 or 18:lw9 were frequently offset by increased proportions of 20: 109). Figure 2 illustrates the effect of acclimation temperature on the relative proportions of unsaturated fatty acids belonging to the oleic acid (n -9), linoleic acid (n -6), and linolenic acid (n -3) families in individual phospholipids.
All phospholipids of cold-acclimated trout possessed larger quantities of n -3 fatty acids and smaller quantities of n -9 fatty acids than the corresponding phosphatides from warm-acclimated animals. The acclimation pattern for n -6 fatty acids varied with the individual phospholipid, increasing in same basic trend was observed with PC, with the position. Cold acclimation had little effect on the perexception that significant quantities of monoenes (16: centage of unsaturated fatty acids esterified in the 2-107) and dienes (18:2w6 and 20:2w6) were present in the position, but did favor the accumulation of polyunsatu2position.
It is also interesting to note that 22:6w3 rated fatty acids at the expense of monoenes and dienes. constituted 47-72% of the fatty acid present in the 2-For example, in PE the quantity of polyunsaturated 1st and 3rd rows: ratio of weight between acclimation groups of ratios plotted in row below, calculated percentages between acclimation groups for data immediately beand illustrated as defined in Fig. 1 . low, calculated and illustrated as defined in Fig. 1 fatty acids other than 22:6w3 esterified at the 2-position increased from 12% to 21%, whereas monoenes declined from 10% to 3% and dienes declined from 6% to 3% following cold exposure; the same trends were observed for PC, with the exception that the increase in polyunsaturated fatty acid composition was restricted to 22: 6~3. In contrast, cold acclimation did increase the proportion of unsaturated fatty acids esterified to the lposition, primarily by enhancing the accumulation of monoenes at the expense of saturated fatty acids. For example, the quantity of saturated fatty acids esterified to the l-position of PE declined from 45% to 36% following cold acclimation, and the monoene content rose from 39% to 48%. A comparison of the liver lipid composition of thermally acclimated rainbow trout provides clear evidence for temperature-induced restructuring of biological membranes in response to changes in environmental temperature.
All of the phospholipids examined, with the exception of lysolecithin (which is a minor membrane constituent), exhibited a similar pattern of compositional change in response to a reduction in habitat temperature:
I) the content of saturated fatty acids declined; 2) the content of monoenes and dienes was relatively insensitive to temperature change; and 3) the polyunsaturated fatty acid fraction increased significantly in all cases. In all phospholipids, with the exception of LPC, SM, and PI, the net result of these compositional changes was a significant increase in the ratio of unsaturated to saturated fatty acids (Fig. 2) . These results are in general agreement with previous studies relating fatty acid composition to environmental temperature (4, 10, 22, 24, 28, 31), but differ from these studies by demonstrating that temperature-induced changes in fatty acid composition are a general feature of membrane restructuring and not restricted to specific phosphatide fractions. The accumulation of polyunsaturates exclusively at the 2-position and the displacement of lower unsaturates to the l-position indicates a much greater degree of positional specificity in the acclimatory response of trout than that reported for the intestinal mucosa of goldfish, where both the I-and 2-positions accepted polyunsaturates upon adaptation to a cold environment (22). In accordance with other eukaryotes, the 2-position of trout liver phosphatides exhibited a high affinity for polyunsaturated fatty acids.
An increase in the relative proportions of PE is a recurring feature of cold acclimation (22, 24). The accumulation of PE in liver tissue of cold-acclimated trout may represent an additional adaptation for increasing the degree of membrane unsaturation at reduced temperatures; PE is the most highly unsaturated trout liver phospholipid (the ratio of unsaturated to saturated fatty acids was 3.5 at 20°C and rose to 5.1 at 5OC, compared to Positive correlations between acclimation temperature and SM content as observed in this study have also been reported in other systems (4) . Possible explanations for the reduction in SM content at reduced temperatures are 1) a relatively high content of saturated and monounsaturated fatty acids, 2) the lack of a significant change in the ratio of unsaturated to saturated fatty acids during thermal acclimation (Fig. 21, and 3 ) the observation that in mammalian systems SM is characterized by a much higher melting point than other membrane lipids, possibly due to the presence of inter-and intramolecular hydrogen bonds (27) . No explanation can be offered for the decline in CL content, and similar changes have not been reported for other tissues.
The presumed rationale for the temperature-induced restructuring of biological membranes is to ensure the existence of a liquid-crystalline phase of appropriate fluidity regardless of the ambient temperature (5). The demonstration that liposomes prepared from phospholipid extracts of cold-acclimated trout liver were more permeable to all solutes tested at all assay temperatures than liposome preparations from warm-acclimated trout indicates that the documented, thermally induced alterations in membrane composition did alter the function& properties of the membrane in a compensatory manner. Similar results have been obtained with liposomes prepared from phospholipids of Escherichia cdi grown at different temperatures (9) and with intact trout liver mitochondria (11). The cholesterol content of a membrane is also a potentially important regulator of membrane fluidity and permeability.
The addition of cholesterol to either model phospholipid membranes or to intact cell membranes (20) strengthens interactions between membrane lipids, reduces the rotational freedom of membrane fatty acyl groups, and reduces the rate of nonelectrolyte permeation when added at temperatures above the transition temperature of the membrane. Although the cholesterol-to-phospholipid ratio in total lipid extracts of goldfish varied inversely with acclimation temperature (13), other studies have reported either no temperature-induced change in this ratio (4) or a direct correlation with ambient temperature (28). In the present experiment neither the cholesterol content. nor the phospholipid-to-cholesterol ratio varied significantly with acclimation temperature.
However because cholesterol is present in greater quantities in plasma membranes than in internal cell membranes, it remains possible that the cholesterol content may be an important factor in regulating the physical properties of specific cell membranes. compositional analysis of isolated membrane fractions will be required to resolve this question. In animal systems, oleic (18:1o9), linoleic (18:2~6) and ar-linolenic (18:3~3) acids are the precursors for three families of polyunsaturated fatty acids, the n -9, r2 -6, and Iz -3 families, respectively.
Members of the oleic acid (n. -9) family can be synthesized from the products of de novo fatty acid synthesis.
In contrast, neither linoleic nor ar-linolenic acid can be synthesized by animal cells, and they are therefore classified as essential fatty acids. The preferred route for the biosynthesis of polyunsaturated fatty acids from these precursors involves alternate oxidative desaturations and chain elongations (see Fig. 5 ). All phospholipids isolated from cold-acclimated trout possessed larger quantities of fatty acids belonging to the linolenic acid (n -3) family, and smaller quantities of fatty acids of the oleic acid family (n -9) than phospholipids from warmacclimated trout (Fig. 2) . Similarly, in gill tissue of the eel, cold exposure increased the degree of unsaturation of membrane lipids by elevating the proportion of fatty acids of the rz -3 family at the expense of those belonging to the ~2 -6 family (31 the A' desaturation step may be rate-limiting to the further metabolism of polyunsaturated fatty acids in trout liver as has been reported in rat liver (3) . Further experiments are needed to resolve these questions.
An inverse correlation between liver mass and acclimation temperature similar in magnitude to that observed for trout (Table 2) has also been reported for the eel (32). However, despite the increase in liver size in response to cold acclimation, the quantity of extractable liver lipid per gram of body weight did not increase, primarily due to a significant reduction in the quantity of neutral lipid; the quantities of membrane-derived lipids (glycolipids and phospholipids) per gram of liver did not vary between acclimation groups. Thus the present data do not support an accumulation of lipid independent of changes in tissue weight as has previously been reported (6, 24).
In summary, on the basis of the present results the following features of the cold acclimation process are viewed as adaptations that permit maintenance of physiological function at reduced temperatures: 1) a reduction in the amount of saturated fatty acids in membrane lipids; 2) an accumulation of long-chain polyunsaturated fatty acids primarily of the linolenic acid family, and to a lesser extent the linoleic acid family in the 2-position of membrane phospholipids; 3) a reduction in the content of fatty acids belonging to the oleic acid family in membrane lipids; 4) an increase in the unsaturated fatty acid content of the l-position of membrane phospholipids, due to an accumulation of dienes and monoenes; 5) an increase in the quantity of the most highly unsaturated phospholipid, PE; and 6) a reduction in the content of sphingomyelin (which does not become significantly more unsaturated at reduced temperatures). 
